The refractive index distribution of cells and tissues governs their interaction with light and can report on morphological modifications associated with disease. Through intensity-based measurements, refractive index information can be extracted only via scattering models that approximate light propagation. As a result, current knowledge of refractive index distributions across various tissues and cell types remains limited. Here we use quantitative phase imaging and the statistical dispersion relation (SDR) to extract information about the refractive index variance in a variety of specimens. Due to the phaseresolved measurement in three-dimensions, our approach yields refractive index results without prior knowledge about the tissue thickness. With the recent progress in quantitative phase imaging systems, we anticipate that using SDR will become routine in assessing tissue optical properties. 
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Introduction
Refractive index distribution is an intrinsic property of tissues, which governs light matter interaction and has shown potential for label-free diagnosis [1] . As a result, light scattering techniques for tissue diagnosis have long been used in various configurations (see, e.g., Refs [2-26].). The measurable quantity is typically the irradiance as a function of the momentum transfer, q = 2πsin(θ/2)¤λ, where λ is the wavelength of the light in the tissue and θ is the scattering angle, Fig. 1 . Thus, two classes of scattering measurements have emerged: spectroscopic, and angular, depending on whether, respectively, the λ-dependence or θ-dependence is retrieved experimentally. The experimental curves are fitted with a physical model that contains particular assumptions about the light-tissue integration, e.g., the firstorder Born approximation, for weakly scattering regime, and the diffusion approximation for strong multiple scattering. Often, the tissue is approximated by a distribution of spheres, for which Mie theory results can be computed easily [27]. Quantitative phase imaging (QPI) [28] has been applied recently to imaging tissue slices, including unlabeled biopsies [29-32]. The phase maps obtained made it evident that, at least in the visible domain, tissue structure is better described by a continuous distribution of refractive index rather than a discrete ensemble of particles. These findings led to the development of light tissue scattering models based on the first-order Born approximation [33, 34] . It has been demonstrated that QPI based on spatial light interference microscopy (SLIM) [35, 36] can be used for diagnosis and prognosis in unlabeled cancer biopsies [30, 32] . Still, measuring the refractive index from a QPI image requires knowledge of the tissue thickness. Thus, despite significant progress, measuring information about the tissue refractive index distribution remains a grand challenge.
Here we present a new approach for extracting cell and tissue refractive index information from QPI data.
Theory
We use the statistical dispersion relation (SDR) [37] and experimental results from QPI to extract information about the refractive index distribution of cells and tissues. The dispersion relation associated with a field in weakly scattering medium, has the form (see Ref [37] . for the proof) In order to measure optical path length maps associated with thin biological specimens, we exploited SLIM [35, 36] , which provides phase information with high sensitivity. The SLIM system (Cell Vista SLIM Pro, Phi Optics, Inc.) benefits from a common path interferometric geometry and white light illumination, which grant excellent temporal and spatial sensitivity [36] . The measureable quantity is the phase of the temporal crosscorrelation function, evaluated at the origin [38], namely In Fig. 2 , we show the n results for a region on the neuron cell body vs. its neurites. The results indicate that the soma is characterized by a higher variance, 1 = 0.028 vs. 2 = 0.018. This difference can be attributed to the fact that neurites are essentially 1D structures, while the cell bodies are 2D. Note that the background generates an order of magnitude lower value for a comparable region, 0 = 0.002. This 0 value ideally would approach zero for a noise free measurement. However, spatial phase noise due to the optics and impurities in the cell culture contribute to a non-zero background level, which represents the ultimate sensitivity of our measurement.
We further applied our approach to measure colon biopsies, of 6 µm thickness. The zstack consisting of 300 slices was recorded using the SLIM instrument, at the same axial sampling as before. Following the same procedure, we obtained the refractive index variance over the whole field of view of n = 0.026, as shown in Fig. 3 . Again, choosing different regions of interests yields different values of the variance, which indicates the strong refractive index inhomogeneity associated with the tissue. We performed the same analysis on 8 distinct regions of colon tissue slice and summarized their results in Fig. 4 . The refractive index variance, averaged over the 8 measurements, is n = 0.023 ± 0.006. We also acquired z-stacks of papillary thyroid cancer biopsies. The z-stack consisted of 300 frames and one of the retrieved phase maps (2064 pixels × 2048 pixels) is shown in Fig.  5(a) . The results obtained for the first-order derivative and its magnitude squared with respect to x are shown in Fig. 5(b) and 5(c). The histogram of the gradient intensity is shown in Fig.  5(d) . The refractive index variance in the whole field is n = 0.029, and the selected areas show slight variations around this value. Different papillary thyroid cancer biopsies are shown in Figs. 6(a)-6(h), and their relevant refractive index variances are presented in Fig. 6(i) . The refractive index variance averaged over all the measurements is n = 0.021 ± 0.008. 
Summary and discussion
In summary, three-dimensional QPI data can be used to extract the variance of the refractive index in cells and tissues. The key feature of this approach is that the thickness of the specimen is not required a priori. This is due to the use of the SDR, which only requires that the sample of interest is sampled in its entirety and the results averaged properly. One important difference with respect to the tomographic approaches [38] [39] [40] is that SDR does not require solving the scattering inverse problem, i.e., we retrieve the variance of the refractive index, not its 3D distribution. As a result, this method is very fast and practical. For weakly scattering objects, such as cells and thin slices of tissue, the refractive index variance can be simply obtained from the gradient of the phase data. The amplitude modulation is likely to make a difference in brain slices, as reported in Ref. 41 . However, in all our live cell and unstained biopsy imaging, amplitude modulation is negligible, which justifies our approximation of phase objects. Although a measure of the refractive distribution spread and not of the absolute values of refractive index, the variance has been shown to be crucial when diagnosing diseases such as cancer [31] . It is possible that during cancer progression the average value of the tissue refractive index may not change, but its spatial distribution undergoes modification [31] . Because of the tremendous progress in QPI instrumentation, we hope that the approach presented here will be readily adopted to extract information about optical properties of biomedical specimens. 
